The effectiveness of various tracers for measurements of exposure to environmental tobacco smoke (ETS) as a complex chemical mixture is based on the physicochemical properties of four major organic components and their dynamic behavior in indoor environments. For the particulate matter (PM) component and the very volatile organic compounds, emission and ventilation rates are generally the most important processes controlling indoor concentrations and exposures of nonsmokers. For the volatile organic compounds (VOCs) and semivolatile organic compounds (SVOCs), sorption on and desorption from indoor surfaces are additional processes that influence exposures. Laboratory and modeling studies of the dynamic behavior of nicotine, an SVOC, and PM indicate that nicotine can be used to estimate PM exposures from ETS in indoor environments when certain criteria are met: a) smoking occurs regularly in the environment, b) the system is near quasi-steady state, and c) sampling time is longer than the characteristic times for removal processes. Measurements in residential and workplace buildings also support the use of nicotine as a tracer for PM in ETS. Recent laboratory and field data indicate that the VOCs from ETS can be traced using compounds with similar physicochemical properties, such as 3-ethenylpyridine, pyrrole, or pyridine. The effectiveness of nicotine for estimating exposures to the VOCs and SVOCs has not been determined, although these constitute major mass fractions of ETS. - 
Tobacco smoke is a complex mixture of thousands of compounds, of which approximately 400 have been measured in both mainstream smoke (MS) and sidestream smoke (SS) (1, 2) . Environmental tobacco smoke (ETS) is composed primarily of SS, with lesser contributions from the exhaled MS. This complex mixture of particles, gas-, and vapor-phase components is rapidly diluted and dispersed after emission and undergoes changes in its physicochemical properties because of shifts in vapor-particle distributions, sorption and desorption of vapor-phase components on indoor surfaces, and chemical reactions. Only limited research has been conducted on these physiochemical processes, although they clearly influence the overall chemical composition of ETS and ETS exposures.
Epidemiologic studies implicate ETS exposures as a risk factor for a variety of adverse health effects in nonsmoking adults and in children (1, 3, 4) . The (15, 19) and in smoker-generated and -simulated ETS (7, 8, 16, 20) . In addition to the influence of emission and ventilation rates on the indoor concentrations of these compounds, sorption on and desorption from indoor surfaces influence air concentrations.
Sorption and desorption of VOCs from specific indoor materials have been investigated to a limited extent. Most of these investigations were conducted in small chambers (<1 m3) with higher surface-tovolume ratios than rooms (21) (22) (23) (24) . Thus, the rate constants cannot be easily extrapolated to room-size indoor environments. In general, however, both sorption and desorption appear to occur relatively rapidly, i.e., in minutes to hours.
Tichenor et al. (23) investigated the sorption and desorption of ethylbenzene on carpet, painted wallboard, and ceiling tiles in small environmental chambers at concentrations of milligrams per cubic meter. The time required to reach equilibrium between sorbed and air concentrations for these materials was about 15 hr, with an initial very rapid sorption rate over the first few hours. Sorption on all three materials was well described by the linear portion of a Langmuir isotherm (25) . After equilibrium had been reached between air and sorbed-phase ethylbenzene concentrations, fresh air was passed through the chamber to measure re-emission of the sorbed ethylbenzene. An initial rapid desorption occurred over the first few hours, followed by a longer period of tens of hours in which the ethylbenzene was more slowly emitted to yield very low air concentrations. Desorption from wallboard and ceiling tiles could be characterized using the Langmuir model (25) . Re-emission from carpet deviated somewhat from this model. The data suggested that desorption from carpet is a more complex process that might involve diffusion from the solid phase (carpet backing) to the surface (fibers) followed by desorption from the surface into the room. Many other VOCs, such as benzene and toluene, would be expected to exhibit similar behavior.
There has been only limited investigation of the sorption and desorption of VOCs in room-size environmental chambers and buildings. In chamber experiments to measure emission factors for simulated ETS, Daisey et al. (7) reported evidence for the deposition and sorption of some of the higher molecular weight VOCs (phenol, the cresols, 3-ethenylpyridine (3-EP), and N-nitrosopyrrolidine) onto the stainless steel walls of the chamber. The rates of deposition in this 20 m3 environmental chamber were about 0.1 to 0.2/hr. Rates in other settings will differ depending on the size of the room, air mixing, and available sorption surfaces. Desorption rates were not determined in these experiments.
Johnson et al. (26) investigated the sorption and desorption of a VOC, p-dichlorobenzene (PDCB), in an environmental chamber furnished with painted wallboard, carpet, and drapes and ventilated at an air exchange rate of 1 to 1.3/hr. The first set of three experiments was conducted with wallboard only; the next three experiments included carpet, and finally, three experiments were done with all three materials in the chamber. Within a few hours a steady-state concentration of PDCB was achieved due to sorption. After steady state was achieved, the emission source was removed and desorption monitored over the next 10 to 20 hr.
Desorption also occurred relatively rapidly over the first hour or two, with the air concentration reaching a level of about 10 (6, 16, 20) and some of the polycyclic aromatic hydrocarbons (PAHs) (27) .
SVOCs are found in both the particle and vapor phases. Distribution depends on the temperature and age of the ETS and the partide concentration. The gas-particle distribution of nicotine has been measured by several investigators (20, (27) (28) (29) ; most of the nicotine was found in the vapor phase. Gundel et al. (30) measured the gas-particle phase distributions of some of the PAHs in ETS using a sampler designed to minimize changes in the vapor-particle partitioning during sampling. In general, as molecular weight increased, the fraction of PAH in the particulate phase increased. Liang and Pankow (29) N-Nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1 -(3-pyridyl)-1-butanone (NNK) are probably SVOCs also, based on their vapor pressures, but the gas-particle distribution for these and for other SVOCs have not yet been experimentally determined. Evaporative losses of VOCs and SVOCs from PM into the gas phase can also occur over time (31) (32) (33) , but this appears to be a slower process than deposition to indoor surfaces.
For the SVOCs, sorption and desorption from indoor surfaces also can be significant processes that control the air concentrations. The dynamic behavior of nicotine is of particular interest, as it has so commonly been used as a tracer of ETS. Van Loy et al. (34) (35) (36) investigated the deposition and re-emission of vapor-phase nicotine in a 20-m3 stainless steel environmental chamber. Experiments were conducted first in an empty chamber in which all deposition losses were to the walls, ceiling, and floor, and then in the same chamber with a carpeted floor. Nicotine was repeatedly volatilized into the unventilated environmental chamber (the air exchange rate due to infiltration was 0.1 5/hr) and its decay over time was measured until a steady-state concentration was reached. This generally required 2 to 3 days following each injection. However, about 80 to 90% of the nicotine was deposited and sorbed on the surfaces within the first 1 to 2 hr after the nicotine was emitted into the chamber. The mass sorbed on the walls and carpet in equilibrium with the air was also determined. The carpet sorbed approximately 100 times more nicotine per square meter than did the stainless steel walls. After the fifth injection and decay process, the chamber was actively ventilated and resealed and the re-emission of sorbed nicotine into air monitored.
The sorption behavior of nicotine in the carpeted chamber was modeled using two different sorption dynamics models, one based on surface sorption and one based on sorbate diffusion in a homogeneous polymer (35) . A deposition velocity of 4.5 m/hr and a re-emission rate constant of 0.0008/hr were estimated for carpet from these experiments (Equation 1). In the first 5 to 6 hr after emission of nicotine into the chamber, the surface-sorption model more accurately captured the dynamic behavior of the nicotine. Over the next several days, however, the air concentration of nicotine decreased more slowly in a nearly linear fashion. This suggests that there may be two sinks operating, one rapid and surface-dominated and a second slower sink controlled by diffusion into the polymer backing of the carpet. Once there was a large sorbed mass of nicotine, reduction of the air concentration through ventilation led to a relatively rapid re-emission of nicotine into air to re-establish the equilibrium concentration.
Dynamic changes in the vapor-phase concentrations of several PAHs in ETS have also been examined over a 3-hr period in a 30-m3 environmental chamber under static conditions (no ventilation) (33) . Deposition losses of the vapor-phase PAH were highly dependent on vapor pressure-more rapid losses were observed for the higher molecular weight PAH. For example, phenanthrene, pyrene, and benz[a]anthracene decayed faster in their gas-phase concentrations than the more volatile species such as naphthalene and its methyl derivatives. (40) . The particulate PAH in ETS exhibited a bimodal distribution. In general, the highest concentrations were associated with particles with MMADs less than 0.1 pm, with a second mode with a MMAD of about 0.6 pm. These results suggest that lung deposition patterns and amounts differ for the PAH particulate benzo[a]pyrene and ETS particle mass.
Emission and ventilation rates generally have the largest influence on the indoor concentrations of PM. There are also small depositional losses of PM to indoor surfaces. For PM, the third term in Equation 1 can be considered the difference between the deposition removal term and the reemission term (-zero). Xu et al. (39) reported deposition losses of PM in ETS to the walls and surfaces of a chamber at a rate of about 0.01 to 0.05/hr. They estimated that 10 hr after one cigarette is smoked, at an air exchange rate of 0.03 /hr, 22% of the partides by mass are deposited Environmental Health Perspectives * Vol 107, Supplement 2 * May 1999 on indoor surfaces. At 0.5 air changes per hour, 6% is deposited. There also may be losses of SVOCs from the PM over time due to removal of vapor-phase SVOCs from air by deposition to surfaces. As the vapor-phase SVOCs are deposited to surfaces, particulate-phase SVOCs volatilize from particles to restore equilibrium between the two phases.
Estimating Exposures to ETS and Its Components
Because it is prohibitively expensive to measure all or even most of the constituents of ETS in field surveys of ETS exposure, exposure typically has been quantified using two approaches: a) mass balance modeling based on measured emission rates and the physical characteristics of the indoor environment (Equation 1), or b) measurements of one or several tracers ETS to infer concentrations of other components or of ETS as a whole. Such tracers must be unique to tobacco smoke, have similar emission rates for different cigarette brands, and have proportions consistent with those of the species they are used to trace (1) . To meet this last criterion, some researchers have suggested that the tracers should be similar to the ETS species they are used to trace (20, 41, 42 (44) , solanesol (31, 45) , and scopoletin (46) . The latter two tracers are high molecular weight compounds believed to be specific to tobacco smoke.
Vapor-phase nicotine (and its metabolite, cotinine) generally has been the most widely used tracer for ETS PM and ETS as a whole (6, (47) (48) (49) (20, 34, 35, 42) . In contrast, respirable particulate matter (RSP) from ETS is removed from indoor environments largely by ventilation, with some smaller losses through deposition to indoor surfaces (38, 39) . Thus, the ratios of RSP to nicotine in ETS vary substantially with changes in time and ventilation rates (42), at least over short periods.
In contrast to the findings in shortterm experiments in environmental chamber studies, Leaderer and Hammond (6) found reasonably good linear correlations between 1- are elevated (immediately after nicotine emission) are quite short relative to the sampling period. Thus, the average air concentration of nicotine remains relatively constant and the ratio of nicotine to PM is observed to be relatively constant. The environmental chamber experiments of Nelson et al. (42) and others are examples of conditions under which the ratio of nicotine to PM changes rapidly because of the rapid deposition to surfaces that occurs immediately after emission. The shorter measurement intervals spanned periods in which the air concentration of nicotine changed dramatically.
Evidence from field measurements supports the idea of indoor reservoirs of sorbed nicotine that are reemitted into air when smoking has stopped. Vaughan and Hammond (50) measured average weekly nicotine concentrations in offices of smokers that ranged from 4 to 24 pg/m3 before a smoking ban. Seven weeks after the ban, nicotine was still measured in the air but at concentrations ranging from 0.1 to 0.5 pg/m3. This suggests a large remaining reservoir of sorbed nicotine.
The recent personal monitoring measurements reported by Jenkins et al. (49) also indicate that nicotine is a suitable tracer for the PM from ETS. These investigators measured various tracers of ETS for 24-hr periods for four groups: smokers working in environments in which smoking was permitted, smokers working in nonsmoking environments, nonsmokers working in workplaces in which smoking was permitted, and nonsmokers working in nonsmoking workplaces. (46) reported an emission factor of 111 ng scopoletin/cigarette that combined with an RSP emission factor of 17 mg/cigarette (6) implies a concentration of 0.0065 ng scopoletin/pg PM from ETS. The reason for this discrepancy is not known.
Estimatig E ures to VOCs and SVOCs from ETS
VOCs and SVOCs constitute a major proportion of the organic mass of ETS, and many of the compounds in these fractions are known to be biologically active as carcinogens in animals. Gas-phase ETS also has been implicated in coronary heart disease (51 (55) and there was a significant correlation between 3-EP and smoking activity in homes of smokers. Heavner et al. (55) used source apportionment based on 3-EP and Figure 2 shows the high correlation between these two tracers. The slope of the linear regression line, which is the ratio of 3-EP to nicotine, is 0.4. This is considerably lower than the ratio of 0.7, which can be calculated from environmental chamber measurements (7) . This difference in the ratio may be due to the difference between the 
Summary and Conclusions
This paper has considered the dynamic behavior of four major physicochemical components of ETS and recent experimental evidence on the effectiveness of various tracers for measuring exposures to ETS as a whole and to major components of ETS in indoor environments. For PM and the unreactive VVOC components, emission and ventilation rates are probably the most important processes controlling indoor concentrations and exposures of nonsmokers. For the VOCs and SVOCs, sorption on and desorption from indoor surfaces are also significant processes controlling the indoor concentrations. There is evidence that the distributions of gas-and sorbedphase compounds in these two groups are functions of vapor pressure and molecular weight, with a higher proportion of higher molecular weight compounds sorbed on surfaces. However, the behavior of these ETS compounds has not been sufficiently investigated to allow their concentrations to be predicted with any confidence.
Field measurements in residential and office environments (6, 49) 
